We have constructed a recombinant DNA library of the measles virus genome and identified gene-specific clones containing sequences coding for portions of each of the six viral structural proteins, as well as clones coding for intercistronic sequences. By Northern blotting, we could order the clones according to the pattern of individual gene-specific and readthrough mRNAs. Clones corresponding to the N, P/C and M genes were identified by correlation of the mRNAs with their in vitro translation products; clones corresponding to the H, F and L genes were identified by indirect evidence. The results indicated that the gene order in measles virus is that of a typical paramyxovirus (3'-N,P/C,M,F,H,L-5'), but that the M and F transcripts each contain 1.5 times the coding capacity needed for synthesis of these proteins in vivo.
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SUMMARY
We have constructed a recombinant DNA library of the measles virus genome and identified gene-specific clones containing sequences coding for portions of each of the six viral structural proteins, as well as clones coding for intercistronic sequences. By Northern blotting, we could order the clones according to the pattern of individual gene-specific and readthrough mRNAs. Clones corresponding to the N, P/C and M genes were identified by correlation of the mRNAs with their in vitro translation products; clones corresponding to the H, F and L genes were identified by indirect evidence. The results indicated that the gene order in measles virus is that of a typical paramyxovirus (3'-N,P/C,M,F,H,L-5'), but that the M and F transcripts each contain 1.5 times the coding capacity needed for synthesis of these proteins in vivo.
Measles virus (MV) is medically one of the most important paramyxoviruses (Morgan & Rapp, 1977) . The broad outlines of paramyxovirus molecular biology were clearly set forth several years ago (Kingsbury, 1974) , and the six MV structural proteins have been well studied (for review, see Rima, 1983) . It has recently been established that the first RNA transcribed from the 3' end of the MV genome is the 57 nucleotide (nt) 'leader' RNA (Billeter et al., 1984) and that mRNAs coding for the N, P/C and M proteins follow (Richardson et al., 1985) . The order of the genes coding for the remaining proteins has not been established, nor has their mode of expression.
The complete gene order of the model paramyxovirus Sendai virus (SV) has been directly demonstrated by molecular cloning and DNA sequencing to be Y-N,P/C,M,F,H,L-5' (Shioda et al., 1983 (Shioda et al., , 1986 . To determine the complete gene order of MV, we used the protocols initially developed by our laboratory for cloning the SV genome (Dowling et al., 1983) to clone MV nucleocapsid RNA prepared from Edmonston vaccine strain virus grown in spinner culture (Udem & Cook, 1984) . Briefly, random calf thymus DNA pentamers were used to prime reverse transcription of 1 ~tg of MV 52S RNA; the resulting MV cDNA was inserted by G/C tailing into the PstI site of pBR322, and transformants were screened by colony hybridization (Grunstein & Hogness, 1975) using partially alkali-degraded 5' end-labelled MV genomic RNA as a probe. The resulting MV recombinant DNA library consisted of 650 clones containing about ten equivalents of MV genetic information.
Clones containing N, P/C and M gene sequences were identified by hybrid selection and in vitro translation of MV mRNAs (Fig. 1) . The MV-specific translation products coded by clone M91 are the 60000 Mr (60K) N protein and smaller polypeptides that migrate at about 38K, 30K and 22K. The 70K P protein, translated from mRNA selected by clone M75, is accompanied by a 40K polypeptide, presumably P-related (Rozenblatt et al., 1985 ; Bellini et al., 1985) . The 20K non-structural C protein is also translated from the P mRNA (Bellini et al., 1985) . The 37K M protein is apparently the only MV-specific polypeptide coded by a third clone, MA 101. MV mRNAs contained in 300 ~tg of CsCI pellet RNA from infected ceils were selected by hybridization with immobilized MV plasmid DNAs and translated in a rabbit reticulocyte lysate system using [3sS]methionine (New England Nuclear) as previously described (Dowling et al., 1983) . Lanes 2 to 7, translation products from MV mRNAs hybrid-selected by the indicated clones. Lane 1, translation products from 0.2 l-tl of total CsC1 pellet RNA from MV-infected HeLa cells; lane 8, endogenous translation products (selected by pBR322). The translation products were separated by electrophoresis on a 12.5~ polyacrylamide gel containing 0.1 ~ SDS and autoradiographed.
N and P proteins as well as the smaller N-related polypeptides were immunoprecipitated by their respective monoclonal antisera (data not shown). Some clones selected m R N A s from two adjacent genes. Both the N and P/C proteins were translated from m R N A s selected by clone MA135, while clone M88 selected m R N A s coding for the P/C and M proteins. By direct Maxam-Gilbert D N A sequencing, we found that clone M88 contained the sequence T
C C A T T A T A A A A A A C T T A G G A G C A A (unpublished data)
. This corresponds to the noncoding region between the P/C and M genes, defined by the results of Bellini et al. (1985) and Rozenblatt et al. (1985) as the P / C -M intercistronic region. These results confirm the partial MV gene order N -P / C -M , and demonstrate the utility of intercistronic clones. Certain clones, such as M25, selected a 2100 nt m R N A corresponding to a gene downstream from but not contiguous to M (see below). This m R N A coded for a protein migrating at 66K and two smaller polypeptides at about 62K and 45K (Fig. l, lane 7) . A 66K polypeptide synthesized in MV-infected Vero cells treated with tunicamycin was identified by immunoprecipitation with monoclonal antibodies as the unglycosylated H apoprotein (Bellini et al., 1983) , and a 68K protein synthesized in vitro was similarly identified (Richardson et al., 1985) . We conclude that the 66K protein represents an unglycosylated form of H; the accompanying smaller polypeptides may represent portions of H. To identify the gene(s) between M and H, we screened our library for intercistronic clones that cross-hybridized with the M mRNA and with a second mRNA not coding for P. Such clones selected a 2400 nt mRNA (presumably coding for F; see below), but distinct in vitro translation products were not obtained, even with the addition of dog pancreas microsomes. No cell-free translation products were observed at the position of L (160K to 200K).
It is not clear why the putative F mRNA failed to give translation products. Richardson et al. (1985) have previously observed that the F mRNA is inefficiently translated in vitro. Under our cell-free conditions, translational arrest of a signal peptide-containing protein normally destined for C-terminal insertion in the cell membrane might be expected (Walter et al., 1984) . Indeed, we recently showed that the analogous SV F apoprotein is anchored at its C-terminus in the cell membrane and contains at its N-terminus a signal peptide which is cleaved during the formation of the glycosylated Fo protein (Blumberg et al., 1985a) , whereas the SV HN protein (the analogue of the MV H protein) is N-terminally anchored, lacks a signal peptide and appears to follow a different synthetic pathway in the cell (Blumberg et al., 1985b) .
Measles-specific mRNAs in the CsCI pellet from extracts of MV-infected cells migrate into distinctive bands on fully denaturing agarose gels. As shown in Fig. 2 (a) , Northern blots of these gels hybridized with probes made from the MV clones reveal the individual mRNAs (intense major bands) and, in addition, less rapidly migrating 'readthrough' transcripts (light bands), i.e. bicistronic mRNAs resulting from the occasional failure of a viral polymerase to terminate transcription at the end of a gene. Since probes for a given gene hybridize to readthrough mRNAs transcribed from adjacent genes, the genome order can be determined by aligning corresponding pairs of readthrough mRNAs on Northern blots (circled numbers). Lane 1 shows that a probe containing N sequences hybridizes strongly with an 18S mRNA and with a single bicistronic readthrough mRNA (circled 1), as the N gene has only one neighbour, i.e. the P gene. The P probe in lane 2 hybridizes with another 18S mRNA, with the N-P readthrough mRNA, and also with a smaller readthrough mRNA (circled 2). The M probe in lane 3, which hybridizes with the smallest major mRNA, also hybridizes with this smaller readthrough mRNA. The small readthrough RNA (circled 2), containing sequences from both P and M, therefore arose by transcription through the P-M junction.
The M probe, made from clone MA101, also hybridizes with a larger readthrough mRNA migrating at about 27S (circled 3). This readthrough transcript forms hybrids with a probe made from clone M39 (lane 4), which failed to select an in vitro translatable mRNA. Nonetheless, the probe made from clone M39 clearly hybridized with a major mRNA migrating at about 22S (2400 nt), and also with the largest readthrough mRNA migrating at 28S (circled 4). Barring the existence of a previously undetected large MV-specific protein, we infer that clones of this type, which selected a 22S mRNA but did not give clear in vitro translation products by hybrid selection, correspond to the F gene. The putative 28S F-H readthrough mRNA (circled 4) also hybridizes with a probe made from the H-specific clone M25 (lane 5), which hybridizes to its major mRNA migrating at about 20S (2100 nt). This suggests that F and H are contiguous genes. Interestingly, at 2400 nt the putative F mRNA appears to be 1.5 times larger than would be needed to code for the glycosylated F0 protein (60K); similarly, the M mRNA could code for a protein of 60K whereas M migrates as a 37K protein on SDS-polyacrylamide gels (Rima, 1983) .
The probe in lane 6, made from clone M21, hybridizes to a large mRNA migrating at about 33S (solid arrow), the position expected for the L mRNA; only this MV transcript is big enough to code for the approx. 200K L protein. When control RNA from uninfected HeLa cells was electrophoresed in parallel and similarly blotted, no hybridization bands were found with any of the MV probes, nor were any bands hybridized with a probe containing only pBR322 sequences (data not shown). The sizes of the various transcripts have been measured and compared with values reported in the literature (Table 1) .
Further evidence for the suggested gene order is obtained by hybridization of Northern blots with probes for intercistronic regions of the MV genome. Such probes give a pattern of bands reflecting superimposition of mRNAs from two adjacent genes and their readthrough mRNAs (Fig. 2b) . The probe in lane 2 hybridizes to five bands: the M mRNA at about 16S, the putative F mRNA at 22S, and three readthrough mRNAs at about 24.5S, 27S and 28S. Comparison of MV-infected HeLa ceils was denatured with 10 mM-methyl mercury, electrophoresed on 1.5 % agarose gels containing 10 mM-CH3HgOH, 50 mM-H3BO3, 5 mM-Na2B4OT, 10 mM-NazOa, 1 mM-EDTA, and transferred to DBM paper (Alwine et al., 1977) . For hybridization probes, MV-specific inserts were excised from plasmid DNAs by digestion with PstI, isolated by electrophoresis on 5% polyacrylamide gels and radiolabelled with [32P]dCTP (Amersham) by nick translation to an average sp. act. of 5 x l0 T d.p.m./rtg. The probes were mixed with 5 ~tg fragmented pBR322 DNA, denatured by boiling for 5 min, and mixed into 10 ml hybridization buffer (50% formamide, 5 x SSC, 0.1% SDS, 5 x Denhardt's solution, 10% dextran sulphate, 5~t/ml salmon sperm DNA). After incubation with the blots (42 °C, 20 h), the hybridization solution was removed and the blots were washed (50% formamide, 5 x SSC, ~: Estimated from SDS-PAGE migration of proteins produced in vivo (Rima, 1983) . § As reported by Udem & Cook (1984) . II ND, Not detected; NI, not identified.
this band pattern with that of the intercistronic P-M probe in lane 1 (made from clone M88) and with that of the putative F probe in lane 3 (made from clone M39), shows that the bands at 27S and 28S correspond to M-F and F-H readthrough mRNAs, respectively. The probe in lane 2, made from clone M76, thus contains M-F intercistronic sequences, indicating that the gene order in this region is P-M-F-H. Shioda et al. (1986) have noted the potential formation of stem-loop structures in the SV mRNAs, and speculated on the importance of such structures in transcriptional regulation. In this context, it is worth recalling that the estimated sizes of the MV M and F mRNAs are each 1.5 times larger than needed to code for the proteins found in vivo. As M and F are contiguous genes, we are tempted to speculate that conservation of these non-coding sequences, which might represent the vestigial remains of a gene altered or lost in evolution, bespeaks some such function in MV transcription.
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